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Understanding gas evolution and two-phase flow behaviour are critical for performance
optimization of polymer electrolyte membrane water electrolysers (PEMWEs), particularly
at high current densities. This study investigates the gas-bubble dynamics and two-phase
flow behaviour in the anode flow-field of a PEMWE under different operating conditions
using high-speed optical imaging and relates the results to the electrochemical perfor-
mance. Two types of anode flow-field designs were investigated, the single serpentine
flow-field (SSFF) and parallel flow-field (PFF). The results show that the PFF design yielded a
higher cell performance than the SSFF design at identical operating conditions. Optical
visualization shows a strong relationship between the flow path length and the length of
gas slugs produced, which in turn influences the flow regime of operation. Longer flow path
length in the SSFF results in annular flow regime at a high current density which degrades
cell performance. The annular flow regime was absent in the PFF design. It was found the
effect of flow rate on performance depends strongly on operating temperature in both flow
patterns. Results of this study indicate that long channel length promotes gas accumula-
tion and channel-blocking which degrades performance in PEMWEs.
© 2018 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).Introduction
With the growing concerns over energy efficiency and envi-
ronmental sustainability, renewable energy sources such as
solar and wind are becoming increasingly attractive and
gaining widespread use [1e5]. However, a major challenge
limiting their practical application is their intermittent powerrett).
r Ltd on behalf of Hydrogen En
JO, et al., Two-phase flow
haracterisation, Internatproduction. Therefore, large-scale renewable energy deploy-
ment depends greatly on the development of efficient and
economical energy storage systems [5]. The polymer electro-
lyte membrane water electrolyser (PEMWE), is regarded as a
promising candidate for large-scale renewable energy storage
and green hydrogen production [5e7]. It possesses several
advantages over the conventional alkaline electrolysers,ergy Publications LLC. This is an open access article under the CC BY license
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fewer corrosion issues, more compact construction and
operation over a wider range of current densities. For these
reasons, research interest in PEMWE has intensified in recent
years [8e19].
Despite the advantages of the PEMWE technology, its
large-scale commercialization is hampered by critical issues
associated with performance, durability and cost. To reduce
investment cost and increase the diversity of use (particu-
larly for wind and solar applications) operation at high cur-
rent densities, with good efficiency, is desirable [17,20]. At
high current densities, large amounts of gas are formed,
which presents a challenge for removing the product and
ensuring that the electrodes receive an adequate supply of
water. Accumulation of O2 gas can act to shield the anode
from water and different two-phase flow regimes can exist
that will affect the mass transport of both water and the
produced gas. The resultant electrolyser performance is
determined by the complex interplay of mass and charge
transfer, heat and electrochemical factors, all of which are
affected by the flow-field design, current density, tempera-
ture and water flow rate.
Despite its great importance when operating at high cur-
rent density, relatively little research has focused on the link
between two-phase flow characteristics and electrochemical
performance of PEMWEs. Ito et al. [21] studied different flow-
field designs and examined the effects of current density,
water flow rate and cell temperature and found that mass
transport limitations are more pronounced in the slug or
annular regime than in the bubbly regime and that there is a
strong relationship between the two-phase flow regime and
performance. Dedigama et al. [22,23] studied the two-phase
flow characteristics as a function of current density and
water flow rates using high-speed imaging in the anode flow-
field of a transparent PEMWE equipped with a parallel
flow-field. They also investigated the heat distribution and
current density distribution across the active area of the cell.
Results showed how the flow regime evolves along a channel
from bubbly to slug/annular and that this is associated with
an increase in local current density towards the end of a
channel. Lafmejani et al. [24] studied the pattern of vertical
upward gas-liquid flow in a single straight channel by optical
visualization in an ex-situ setup. They analysed two-phase
flow phenomena in PEMWE by gas injection through a
permeable wall made of titanium felt into a transparent
channel of flowing water. Their result indicated that bubble
coalescence occurred along the channel length and bubbly-
flow, Taylor flow and annular flow regimes were observed.
Selamet et al. [25] combined neutron radiography with optical
imaging to examine gas evolution at the anode and cathode
sides of an operational PEMWE. Using the evolution of water
thickness with time, they found that gas-bubble evolution and
detachment follows a cycle of periodic growth and removal of
small bubble followed by prolonged blockage by large stag-
nant bubbles. They also investigated the effect of operating
parameters and found that water flow rate, current density
and operating temperatures have a significant influence on
two-phase flow phenomena in PEMWE. Hoeh et al. [26] used
neutron imaging to quantify gas evolution in the anode
channel at various current densities and water flow rates.Please cite this article in press as: Majasan JO, et al., Two-phase flow
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with increasing water flow rate and increases with increasing
current density. To analyse gas evolution into the channels,
Hoeh et al. [27] also investigated gas discharge into the anode
flow channels using synchrotron X-ray radiography. Their
results showed that there exist selective pathways for gas
evolution from the liquid/gas diffusion layer and the number
of such pathways increases with increase in current density.
Also, several studies have employed modelling and nu-
merical techniques to improve understanding of two-phase
flow and flow-field design in the PEM electrolyser. Nie et al.
[28] performed three-dimensional numerical simulations and
experimental measurements of fluid flow in a simplified bi-
polar plate of a PEM electrolysis cell. Their investigations in
the bipolar plate with parallel flow channels showed that the
pressure decreases from inlet to outlet in the diagonal direc-
tion. They also reported non-uniform distribution of velocity
and temperature over the flow field. Tijani et al. [29] investi-
gated several flow plate designs using numerical simulation to
evaluate hydrodynamic properties, velocity fields and pres-
sure gradients in different designs. Aubras et al. [30] devel-
oped a two-dimensional model for evaluation of heat and
mass transfer at the PEM electrolyser electrodes taking into
account two bubbly flow regimes. They suggested that the
bubble coalescence phenomenon is associated with improved
mass transfer and reduced ohmic resistance in the PEM elec-
trolyser. Ruiz et al. [31] developed a mathematical and nu-
merical framework for the investigation of the effect of flow
channel configurations in a high temperature PEM electro-
lyser. They investigated the parallel, serpentine and multiple-
serpentine flow channel configurations and suggested that
the multiple-serpentine design performs better in terms of
hydrogen production, temperature uniformity and pressure
drop. More recently, Toghyani et al. [32] developed a three-
dimensional numerical analysis for performance compari-
son of five flow field patterns evaluating performance based
on molar fraction of produced hydrogen, current density, and
temperature and their result revealed better distribution of
temperature and current density in the serpentine flow field
configuration.
Similar to the two-phase flow phenomena at the anode of a
PEM electrolyser, the anode of a direct methanol fuel cell
(DMFC) has simultaneous transport of liquid methanol reac-
tant and evolution of CO2 gas produced at the electrocatalyst
surface. Thus, the produced CO2 gas becomes entrained in the
liquid methanol reactant, and a two-phase flow arises in the
flow-field channels at the DMFC anode. Several studies have
investigated the gas evolution and two-phase flow phenom-
ena in DMFCs in relation to cell performance. Various
flow-field designs have been explored including parallel,
serpentine, interdigitated, grid, spiral and fractal flow-fields
[33e38]. These studies have reported that the serpentine
flow pattern provides the best performance due to the higher
velocity, which contributes to increased convective flux and
leads to better mass transport at high current densities. A few
studies have investigated the effect of geometric parameters
such as channel width, rib width and channel dimension ra-
tios, among others [39e41]. Several studies have also probed
bubble evolution and two-phase phenomena in DMFCs, spe-
cifically using visualization techniques [38,40,42e44]. Thesebehaviour and performance of polymer electrolyte membrane
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factors including flow-field design, channel geometry and
operating parameters.
This literature review suggests that gas-bubble evolution,
two-phase flow behaviour and flow-field design are closely
linked to the performance of PEMWEs. However, the majority
of previous PEMWE studies were performed at relatively low
current densities or have analysed two-phase flow in a single
straight channel where the two-phase flow pattern may not
be fully representative. Others have modelled flow using flow
regime maps rather than real-time flow visualization. Thus,
an in-depth study of entire flow-fields that correlates design
and real-time two-phase flow phenomena with performance
at high current densities is desirable. Also, understanding the
effect of operating parameters such as temperature, flow cir-
culation at anode only or at both electrodes (full circulation)
and water flow rate on the two-phase flow behaviour at high
current densities is essential for design and performance
optimization.
In this study, the two-phase flow behaviour in a PEMWE
equipped with two different anode flow-field designs
(serpentine and parallel) is examined and related to the elec-
trochemical performance. By using transparent endplates,
direct visual inspection of the flow channels across the whole
flow-field allowed the gas-bubble dynamics and the two-
phase flow behaviour to be recorded using a high-speed
video camera at current densities up to 3.3 A cm2. Polariza-
tion curves were obtained to provide a fundamental under-
standing of the relationship between the two-phase flowFig. 1 e In-house fabricated transparent PEMWE: (a) schematic
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ating parameters including flow circulation at anode only or
full circulation, water flow rate, and cell operating tempera-
ture were also investigated.Experimental
Transparent cell design
The transparent PEMWE cell used for this study was designed
and fabricated in-house and is shown schematically in Fig. 1.
The MEA used was supplied by ITM Power, UK and has an
active area of 3.0  3.0 cm2. It consists of a Nafion 115 mem-
brane and two electrodes with the anode composed of
iridium/ruthenium oxide at a loading of 3 mg cm2 and the
cathode composed of platinum black at a loading of
0.6mg cm2. The dryMEA suppliedwas activated by: (i) boiling
in deionized (DI) water for 18 h at 60 C; (ii) rinsing in DI water
for 3 h; and (iii) in-situ activation by operating in a cell at
current density of 0.1 A cm2 for a period of 18 h. TheMEAwas
sandwiched between two liquid/gas diffusion layers (LGDLs)
which were sealed with PTFE gaskets to prevent leakage. The
MEA and LGDLswere inserted between the anode and cathode
flow-field plates that were designed in-house with the aid of
CAD/CAM software (Rhino 4.0) and a CNC machine (Roland
MDX 40). The entire assembly was then clamped between the
two transparent end-plates using eight M5 screw joints; each
tightened to a torque of 1.5 Nm. Transparent PVC gaskets ofof cell components; (b) photograph of the assembled cell.
behaviour and performance of polymer electrolyte membrane
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Fig. 2 e Flow-field plate designs, (a) single-serpentine flow-field (SSFF), (b) parallel flow-field (PFF).
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and the end-plates to prevent water leakage.
Both the cathode and anode flow-field plates were
machined from a 1.6 mm-thick printed circuit board (PCB)
material, which consists of an FR4 board clad with a 35 mm-
thick copper layer. The copper layer was electroplated with a
12 mm-thick nickel layer and a 5 mm-thick gold layer to provide
good conductivity and corrosion resistance. Titanium sinter
having thickness 0.35 mm was used as the anode LGDL and a
0.19 mm-thick unteflonated carbon paper TGP-H-060 (Toray,
Inc.) was used as the cathode LGDL. The two end-plates were
made of 20 mm-thick transparent polymethyl methacrylate
(PMMA) material to allow optical access for gas-bubble and
two-phase flow characterization.
Fig. 2 shows the two anode flow-field designs used in this
study. Fig. 2(a) illustrates the single serpentine flow-field
(SSFF), and Fig. 2(b) illustrates the parallel ﬂow-field (PFF). As
shown, the SSFF consisted of a single meandering flow
channel having nine linked vertical segments (each 30 mm
long) and eight horizontal segments (each 1.76 mm long),
whereas the PFF comprised nine parallel straight channels,
each 30 mm long. Both flow-field designs have channel depth
of 1.6mm and a channel and rib width of 1.76mm tomaintain
the same open ratio (ratio of channel area to MEA area) of
55.7% and provide a basis for comparison. At the cathode side,
a single serpentine flow-fieldwith 1.76mmchannelwidth and
rib width and 1.6 mm depth was used for all the experiments
in this study.
A ‘diagonal flow mode’ was adopted in both of the flow-
field designs such that the water was fed to the flow-field
from the lower left corner (as shown in Fig. 2) while excess
water and the gas produced was ejected at the upper right
corner. While the SSFF does not require a manifold and there
is no flow branching, the PFF incorporates a dividingmanifold
at the bottom of the flow-field and a combining manifold at
the top (Fig. 2(b)). Both manifolds had the same channel di-
mensions as the main flow channels. In the case of the PFF,
the ‘diagonal flow mode’ is equivalent to a Z-type manifoldPlease cite this article in press as: Majasan JO, et al., Two-phase flow
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the same side as inlet), for uniformly sized conduits Z-type
manifolding usually results in more uniform flow and pres-
sure drop for fuel cells, electrolysers and cooling plates [45].
Test rig
The setup of the experimental test rig is shown in Fig. 3. DI
water was supplied from a water reservoir to the PEMWE cell
by a digital peristaltic pump (Watson Marlow 323U). The cell
was operated at ambient pressure and heated to the desired
temperature by preheating the inflowing deionized water
supplied to both the anode and cathode side of the cell using a
digital heated circulating bath (TC120, Grant Instruments Ltd).
Three inlet water temperatures were used in this study: 25 C,
45 C, and 80 C. Excess unreacted water and product O2 and
H2 gas are returned to the water reservoir where the gases are
separated and ventedwhile the DI water is recycled to the cell.
The cell was orientated vertically in all the experiments.
Electrochemical measurement
The voltageecurrent polarization curves (Vei curves) were
obtained using Gamry Reference 3000 Galvanostat/Potentio-
stat equipped with a Gamry 30k Booster (Gamry Instruments,
USA). The data were acquired using the Gamry Framework
software (version 6.24) on the potentiostat. In the polarization
curve measurements, the cell electrolysis voltage was
measured as the applied current was increased stepwise, at a
scan rate of 0.1 A s1 from 0.1 A to 30 A. Initial steady-state
operation was ensured before all polarization curve mea-
surement by applying an initial load of 0.1 A cm2 to the cell
for 15 min. A constant potential was attained within this time
period, indicating the stability of the electrode. Three or more
voltage-current polarization curves were run at all conditions
investigated to test repeatability. The cell performance was
repeatable to within 10% and all the trends in cell perfor-
mance was preserved.behaviour and performance of polymer electrolyte membrane
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Fig. 3 e Schematic diagram of experimental setup for the simultaneous visualization and electrochemical study.
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A CMOS high-speed imaging system (Phantom V1212, Mono-
chrome) with a maximum resolution of 1280  800 pixels was
employed to acquire continuous 10-bit images of the bubble
evolution and two-phase flow behaviour of O2 gas and water
in the anode flow channel at 1000 frames per seconds. The
anode channel was illuminated with an 84 W high-power LED
lighting system (Photo-Sonics Ltd). The images were digitally
evaluated using Phantom Camera Control (PCC, version
v2.14.727.0.) software. The anode flow-field of the PEMWE cell
was visualized in-situ at current densities ranging from
0.1 A cm2 to 3.3 A cm2; three operating temperatures of
25 C, 45 C, and 80 C; and four different water flow rates of 15,
30, 45 and 60 ml min1. The flow velocity was determined by
tracking the movement of bubble/slug from consecutive im-
ages based on the time interval (number of frames) for the
bubble/slug to travel a given distance.
Feed water flow rate
A minimum amount of liquid water is required to sustain the
reaction at the electrolyser anode; this depends on the current
density of operation. Themolar rate of water consumption for




where i is the current density, A is the active area of the
electrode, and F is Faraday's constant (96485.3 C mol1). The
ratio (x) of inlet water flow rate to the amount of water needed
for the anode electrolysis reaction for a single cell can be
calculated according to Eq. (2):
x ¼ Gcirc
Gcons þ Gdrag (2)
where Gcirc is themass flux of inlet feedwater, Gcons is themass
flux of water consumed by the anode reaction and Gdrag is thePlease cite this article in press as: Majasan JO, et al., Two-phase flow
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j.ijhydene.2018.07.003mass flux of water transported to the cathode side by elec-
troosmotic drag, and is estimated to be about 10 times that of
Gcons [21]. Notionally, a value of x ¼ 1 is sufficient to sustain the
electrolysis reaction at the anode. However, a value of x ¼ 5 is
typical in actual operation of large cells or stacks to prevent
electrode starvation or membrane dehydration [9]. Based on
calculations using Eq. (2), for the range of current density and
inlet water flow rates used in this study, x ranges between
7.5 at 3 A cm2 when operated at 15 ml min1 and 30 when
operated at 60mlmin1. This implies that thewater flow rates
(15, 30, 45 and 60 ml min1) used are always in significant
stoichiometric excess and sufficient to keep the MEA well
hydrated throughout the electrolysis operation.Results and discussion
General features of gas-bubble dynamics in the anode flow-
field of the PEMWE
Before examining the specific features of different flow-field
designs and operating conditions (Figs. 4e6 and 8 and 9), it is
useful to consider certain generic features of the bubble dis-
tribution and flow characteristics in the flow channels. In
general, the lighter areas in the images represent single-phase
liquid flow and areas containing small bubbles; whereas the
darker areas correspond to larger bubbles or slug flow,
through which the dark LGDL/electrode becomes visible
through the gas phase. The change in shape, size and flow
regimes of gas bubbles with an increase in current density for
any single channel has the following general trend. At very
low current density, numerous small, spherically-shaped gas
bubbles emerge from various locations on the LGDL surface
and remain attached due to surface tension forces. The gas
bubbles become detached when the dynamic pressure of the
flowing water exceeds the surface adhesion force and the gas
bubbles join the flow of water. Initially, the bubbles arebehaviour and performance of polymer electrolyte membrane
ional Journal of Hydrogen Energy (2018), https://doi.org/10.1016/
Fig. 4 e (a) Polarization curve for SSFF design at a temperature of 80 C and feed water flow rate of 15 ml min¡1; (b) O2
gas-bubble behaviour at selected current densities; and (c) flow velocity profile in sub-channels 1 to 9 of the SSFF at various
current densities.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 8 ) 1e1 46dispersed in the flow of liquid water, characterised by the
bubbly-flow regime. As current increases and more gas is
produced, and/or as the bubbles depart and coalesce with
newly formed bubbles further along the channel, transition to
the slug flow regime occurs. This regime is characterized by
elongated ‘cylindrical’ bubbles also known as Taylor bubbles,
whose lengths are several times larger than the width of thePlease cite this article in press as: Majasan JO, et al., Two-phase flow
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j.ijhydene.2018.07.003channel. As more gas is produced with further increase in
current density, the gas void fraction increases and strings of
Taylor bubbles separated from one another by clusters of
small bubblesmove along the channel. The slug flow, inwhich
bubbles fill the majority of the channel cross-section, with
only a thin boundary layer of water at the edges, has a
‘sweeping’ effect on the nascent bubbles forming at thebehaviour and performance of polymer electrolyte membrane
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Fig. 5 e (a) Polarization curve for PFF design at a temperature of 80 C and feed water flow rate of 15 ml min¡1; (b) anode two-
phase flow behaviour at selected current densities; and (c) flow velocity in the PFF channels 1e9 at various current densities.
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downstream region. As will be shown below, in a flow-field
with extended channel length (the SSFF in our case), as
more gas is produced at high current densities, the two-phase
flow enters a regime known as annular flow, where most of
the liquid flows along the channel walls as the central channel
core is dominated by long gas slugs. The process of bubble
emergence, growth, detachment, coalescence and eventual
sweeping by slug or annular flow was a feature observed
across the range of flow-field designs and operating condi-
tions examined.
Two-phase flow behaviour in the Single Serpentine Flow-Field
(SSFF)
Fig. 4(a) shows the cell polarization curve obtained for the
SSFF operated at a temperature of 80 C and inlet water flow
rate of 15 ml min1. Fig. 4(b) shows the images of the SSFF at
selected current densities corresponding to Point A to H in
Fig. 4(a). The images show that the total amount of gas presentPlease cite this article in press as: Majasan JO, et al., Two-phase flow
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current density.
At very low current density of 0.1 A cm2, corresponding to
point A, numerous tiny bubbles were observed in the flow
channel. Then, as current density increased to 0.4 A cm2,
corresponding to point B, the quantity and size of the gas
bubbles increased significantly due to increased gas genera-
tion and bubble coalescence, and the flow pattern observed is
described as the bubbly regime. As current density increased
to 0.7 A cm2 (Point C), gas fraction and bubble coalescence
along the channel length increased leading to the formation of
larger spherical bubbles and emergence of short cylindrical
gas slugs along the channel downstream. The short gas slugs
coexist with the smaller bubbles present and the flow pattern
observed is described as an intermediate between the bubbly
and slug regime. Also, along with the emergence of slugs, the
flow velocity starts to increase for each sub-channel. As cur-
rent density increased to 1.0 and 1.5 A cm2, corresponding to
point D and E, longer gas slugs are formed accompanied by abehaviour and performance of polymer electrolyte membrane
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Fig. 6 e Performance curve of PEM electrolyser equipped with different flow-fields at water flow rates of (a) 15 ml min¡1 and
(b) 60 ml min¡1 at an inlet water temperature of 80 C; (c) comparison of flow velocity in the flow channels for the two flow-
field designs at 3 A cm¡2 at an inlet water flow rate of 15 ml min¡1; (d) illustrated model of gas slug in flow-field channel
showing the probable LGDL-blocking action.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 8 ) 1e1 48corresponding increase in flow velocity. At these current
densities, the flow channel is observed to be divided into two
regions, the downstream dominated by pockets of long cy-
lindrical gas slugs separated by spherical gas bubbles, and the
upstream region filled with relatively smaller gas bubbles. At
the high current densities of 2.0, 2.5 and 3.0 A cm2, corre-
sponding to points F, G and H, respectively, the gas slug grows
rapidly along the meander as the smaller bubbles coalesce
earlier along the channel. Thus, at these high current den-
sities, a larger portion of the flow channel is filled with
continuous meandering gas slugs (annular regime). At an
average current density of 3 A cm2 (Point H), about 80% of the
flow channel is filled with continuouslymeandering gas slugs;
as only the two sub-channels closest to the channel inlet are
free of slugs.
It is worthmentioning that a prominent feature of the two-
phase flow in the SSFF is that the channel corners (switch-
backs) were convenient locations for the coalescence of gas
bubbles/slugs. Gas bubbles and slugs were more likely to
coalesce when they go around the corners, which might have
significant implication for the transition between flow
regimes.
The flow velocity in each of the nine sub-channels of the
SSFF design is presented in Fig. 4(c). The flow velocity was
determined by tracking the movement of bubble/slug from
consecutive images based on the time interval (number of
frames) for the bubble/slug to travel a given distance. It can be
seen that at a given current density, the velocity increases
along the length of the meander from the inlet to the outlet.
The lowest velocitywas recorded in the sub-channel closest to
the inlet (sub-channel 1) and the highest velocity recorded inPlease cite this article in press as: Majasan JO, et al., Two-phase flow
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current density considered. Also, the increase in flow velocity
across the flow-field was observed to correspond to slug for-
mation. As gas bubbles accumulate and coalesce along the
channel length, the void fraction of the gas-phase thus in-
creases with channel length and consequently slugs are
formed along the channel downstream. The increased gas
void fraction and slug formation towards the channel down-
stream thus lead to decrease in the cross-sectional area of the
liquid-phase flow which increases the flow velocity.
Two-phase flow in parallel flow-field (PFF)
Fig. 5(a) shows the cell polarization curve obtained for the PFF
operated at a temperature of 80 C and feed water flow rate of
15 ml min1. Fig. 5(b) illustrates the corresponding images of
the two-phase flow behaviour at selected current densities on
the polarization curve, which correspond to Point A to H in
Fig. 5(a).
It can be seen from Fig. 5(b) that in the PFF, the quantity of
gas and hence the size of gas bubbles, increased with current
density, consistent with the observations in Fig. 4(b).
Depending on the current density, for any given channel there
is the trend for the flow regime to evolve as described above
for the SSFF. However, the PFF shows a non-uniform distri-
bution of flow between the channels. The liquid flow rate was
highest in the channel farthest from the inlet and lowest in
the channel closest to the inlet. This is attributed to the well-
known inertial effect of fluid flowout from a dividingmanifold
into multiple T-junctions, which makes the fluid prefer the
straight direction (horizontally along the manifold) rather
than branching (vertically into the channels) [45]. This has anbehaviour and performance of polymer electrolyte membrane
ional Journal of Hydrogen Energy (2018), https://doi.org/10.1016/
Fig. 7 e Effect of feed water circulation on performance at
(a) 25 C and (b) 80 C using the PFF design at the cell anode
and water flow rates of 15 ml min¡1 and 60 ml min¡1.
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each of the channels.
At low current density of 0.1 A cm2, corresponding to Point
A in Fig. 5(a), the lower portion of the channels are filled with
liquid water with the upper portion consisting mainly of gas
bubbles with width smaller than the channel cross-section. It
can be seen that the quantity of bubbles in the channels varies,
with the channel closest to the inlet having a large quantity of
tiny bubbleswhereas the channels furthest from the inlet have
asignificantly smalleramountofbubblesdue to thehigherflow
velocity and consequent lower gas volume fraction. This trend
was observed at all current densities considered for flow
visualization and is attributed to non-uniform distribution of
flow in thechannels.As currentdensity increased to 0.4Acm2
(point B), both the quantity and size of the gas bubbles have
increased markedly, with increase to 0.7 A cm2 (Point C)
bubble coalescence leads to emergence of short gas slugs in the
channels closest to the cell inlet while the other channels
remain noticeably bubbly. As the average current densityPlease cite this article in press as: Majasan JO, et al., Two-phase flow
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j.ijhydene.2018.07.003increased to 1.0 and1.5A cm2, corresponding to pointDandE,
short gas slugs begin to form in themiddle channels, while the
early-appearing gas slugs in the channels closest to the inlet
begin to lengthen andmove downstream. A similar trend was
observed at higher current densities of 2.0, 2.5 and 3.0 A cm2
corresponding to points F, G and H respectively. Further gas
generation and bubble coalescence led to the formation of gas
slugs in the channels farther away from the inlet, and at
3.0 A cm2, only the two channels furthest away from the inlet
remain exclusively bubbly. The overall trend in this flow-field
pattern is a transition from bubbly to slug regime and occurs
at progressively longer times as the channelsmove away from
the manifold inlet.
Notably, the transition to gas slugs spanning entire flow
channels (annular regime) did not occur in this flow-field
configuration because the gas slugs enter the combining
manifold before this transition could occur. Fig. 5(c) shows the
flow velocity in the PFF channels corresponding to various
current densities tested at an inlet water flow rate of
15 ml min1. It can be seen that the flow velocity increased
approximately linearly (within the error of flow velocity
measurements) with average current density (ranging from a
flow velocity of 0.02 m s1 at 0.1 A cm2, to 0.09 m s1 at
3 A cm2), which is consistent with a linear increase in gas
generation (gas void fraction) and constant water inlet flow.
However, the distribution of flow velocities across the nine
channels changes, becoming increasingly uniform with
increasing current density. Numerous factors will affect this
flow distribution, the two-phase flow state of the combining
manifold being one of them, but in general gas-filled channels
(higher gas void fraction) will present a lower pressure drop
(i.e. channels towards thewater intake), thus acting to balance
the flow velocity into each channel. It should be noted that,
the theoretical flow velocity, assuming single-phase water
flow through the channels equally, is calculated to be
0.01 m s1, which implies that, as expected, the presence of
gas increases the flow velocity in the channels at the current
densities considered.
Performance comparison in serpentine and parallel
flow-field designs
Fig. 6 compares the performance of the PFF and SSFF designs.
The experiments were performed at two water flow rates
(15 ml min1 and 60 ml min1) and a fixed inlet water tem-
perature of 80 C. It is clear from Fig. 6(a) and (b) that for the
samewater flow rate the PFF showed better performance than
the SSFF, especially at higher current densities. For instance,
at 3 A cm2 for water flow rate of 15 ml min1, the PFF per-
formed better by about 100 mV compared to the SSFF. The
improved performance observed in the parallel flow-field
design compared to the single serpentine flow field has also
been reported in previouswork by Ito et al. [21]. To explain this
observation, we compare the performance (polarization)
curve results with the flow visualization results presented in
Section General features of gas-bubble dynamics in the anode
flow-field of the PEMWE. Two key differences can be observed
in the visualization results of the two flow designs. First, the
flow velocity in the two designs differs markedly (Fig. 6(c)).
The flow velocity is significantly higher in the SSFF than in thebehaviour and performance of polymer electrolyte membrane
ional Journal of Hydrogen Energy (2018), https://doi.org/10.1016/
Fig. 8 e Effect of water flow rate on performance at different temperatures (a) 25 C, (b) 45 C, (c) 80 C, (d) the two-phase flow
behaviour under different anode flow rates at 2 A cm¡2 and 80 C using an anode-only circulation.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 8 ) 1e1 410PFF design. More so, in terms of general trend, the flow ve-
locity in the SSFF increased approximately linearly across the
flow-field, while in relative terms there is hardly any velocity
variation across the channels for the PFF. This difference in
velocity is attributed to the fact that only a single meandering
channel is present in the SSFF, whereas in the PFF the inlet
flow is divided between the channels (nine, in this case). Since
coalescence increases rapidly along the single channel length
in SSFF, longer gas slugs are formed, and the flow velocity is
noticeably higher in the upper part of the channel. Higher flow
velocities have been reported to improve mass transfer in
DMFCs [34,35]. However, the evidence presented here sug-
gests that this is not the case in PEM electrolysers. Therefore,
attention turns to the other key difference in the two-phase
flow behaviour of these flow-field designs, which is the flow
regime of operation. As discussed in Section General featuresPlease cite this article in press as: Majasan JO, et al., Two-phase flow
electrolysers: Electrochemical and optical characterisation, Internat
j.ijhydene.2018.07.003of gas-bubble dynamics in the anode flow-field of the PEMWE,
the bubble dynamics and two-phase flow regime differs
markedly for the SSFF and PFF flow designs. In the SSFF, at a
current density of 3.0 A cm2, a flow regime described as
annular flow is observed, where continuous channel-filling
gas slugs occupy the channel core with a thin layer of water
flowing only at the walls.
In this situation, as depicted in the model in Fig. 6(d), it can
be seen that the presence of long gas slugs spanning almost
the entire length of the channel can block the access of water
to the LGDL and lead to a deterioration in performance. This
might explain why performance wasworse in the SSFF, where
continuous gas slugs spanning about 80% of the entire chan-
nel length can be found in the annular flow regime;whereas in
the PFF, gas slugs formed towards the upper part of the
channel rapidly exit into the combiningmanifold. Thus, in thebehaviour and performance of polymer electrolyte membrane
ional Journal of Hydrogen Energy (2018), https://doi.org/10.1016/
Fig. 9 e (a) Effect of temperature on PEMWE performance, (b) two-phase flow behaviour under different operating
temperatures at a current density of 2 A cm¡2 and water flow rate of 15 ml min¡1.
i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 8 ) 1e1 4 11PFF, due to its short channel length, the discontinuous gas
slugs formed are removed before they could develop into
annular flow. Moreover, the effect of the fully developed gas
slug in removing bubbles and clearing the channel, described
by Dedigama et al. [22], is more pronounced in the PFF due to
the shorter channel length. This observation, therefore, sug-
gests that in terms of the two-phase flow behaviour in the
PEMWE, the key performance-influencing difference between
the SSFF and the PFF is the length of the flow path and hence
the flow regime. The shorter flow path for gas removal in the
PFF seems to enhance performance, and conversely, the
elongated flow path of the SSFF allows gas accumulation and
coalescence along the channel length that develops into
annular flow that might hinder adequate water access to the
electrocatalyst layer through the LGDL. Since the higher flow
velocity in the SSFF did not lead to better performance, as
predicted by similar DMFC research, it is inferred that the
transition to annular flow regime exerts a higher impact than
flow velocity on mass transport limitation and hence perfor-
mance in PEMWEs.
Effect of operating conditions on the two-phase flow
behaviour and cell performance
Effect of feed water circulation on cell performance
In PEMWE operation, water molecules accompany the trans-
fer of protons from the anode to the cathode through the
polymer electrolyte membrane, a phenomenon known asPlease cite this article in press as: Majasan JO, et al., Two-phase flow
electrolysers: Electrochemical and optical characterisation, Internat
j.ijhydene.2018.07.003electroosmotic drag. Consequently, provided there is suffi-
cient water at the anode, the membrane can be kept hydrated
without an external supply of water to the cathode. However,
water circulation at both electrodes is possible and is used in
some commercial systems [46]. Thus, it is possible to operate
with no water flow at the cathode (anode-only circulation),
with stagnant water at the cathode, or with full water circu-
lation at both cathode and anode. Fig. 7 presents the results of
anode-only circulation and full circulation at both anode and
cathode obtained at temperatures of 25 C and 80 C andwater
flow rates of 15 ml min1 and 60mlmin1 in the cell equipped
with the PFF.
As can be seen in Fig. 7(a), at 25 C, the full circulation
showed worse performance than the anode-only circulation
at both flow rates tested, the performance being worse at the
higher flow rate. However, at 80 C, (Fig. 7(b)), the cathode
flow conditions shows little to no effect on the electro-
chemical performance at both flow rates tested, the perfor-
mance being worse at the lower flow rate (in contrast to the
25 C case). This is attributed to a thermal effect in which the
Joule heating associated with operation at high current
density has a beneficial effect on the proton conductivity of
the membrane electrolyte. Both higher anode flow rate and
additional cathode recirculation act to cool the cell. At 80 C
the cell is close to thermal equilibrium, and the flowing
water does not have a cooling effect. Thus, full water circu-
lation at this higher temperature has little to no impact on
the cell performance.behaviour and performance of polymer electrolyte membrane
ional Journal of Hydrogen Energy (2018), https://doi.org/10.1016/
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and performance
The effect of anodewater flow (15, 30, 45 and 60mLmin1) at a
range of temperatures (25, 45 and 80 C) was investigated
(Fig. 8) using an anode-only water circulation.
It can be seen that the performance trend with increasing
anode water flow rate changes from being deleterious at low
temperature (25 C) to advantageous at high temperature
(80 C), with relative insensitivity at intermediate temperature
(45 C). As described in Section Effect of feed water circulation
on cell performance, water flow rate has a significant effect on
performance at low water inlet temperature due to its cooling
effect at higher current density when significant heat is being
generated from the electrolyser. At the relatively high tem-
perature of 80 C, cell performance improves slightly with an
increase in flow rates. This is attributed to the greater heat
being supplied through the enthalpy of the higher flow water
stream and ensures good reactant availability to the anode
electrode. Also, from the two-phase flow perspective
(Fig. 8(d)), the slug length is shortened with reduced residence
time as water flow rate is increased from 15 ml min1 to
60 ml min1. As a result, an increased effective contact area
between inlet feed water and the LGDL enhancemass transfer
leading to improved cell performance.Effect of cell operating temperature on two-phase flow and
performance
Fig. 9 shows the effect of temperature on PEMWE at a water
flow rate of 15 ml min1. The experimental results indicate
that cell performance improved with increasing temperature.
At a current density of 3.0 A cm2, increasing the operating
temperature from 25 C to 80 C resulted in a 242 mV
improvement in cell potential. The improvement in perfor-
mance with temperature can be explained by two reasons.
First, at high temperatures, the activation overpotential is
reduced, and the reaction kinetics is improved, which leads to
an acceleration of the electrochemical reaction and improved
performance. Also, the ohmic cell resistance is reduced at
elevated temperatures since the ionic conductivity of the
Nafion membrane (the largest contributor to ohmic resis-
tance) is enhanced at high temperatures, provided sufficient
membrane hydration can be ensured. This improvement in
cell performance at high temperatures has been well reported
[47e49]. Fig. 9(b) shows the effect of temperature on the two-
phase flow at a current density of 2.0 A cm2. More gas bub-
bles are observed in the channels at higher inlet water tem-
perature despite the same total current and amount of O2
generated. This is attributed to the effect of temperature on
the ideal gas law and fact that oxygen solubility in water is
strongly temperature dependent and decreases at higher
temperatures.Conclusions
The two-phase flow behaviour in the anode flow channel of a
PEMWE was investigated using optical visualization and
related to the electrochemical performance for two commonly
used flow-field designs. The effect of different operatingPlease cite this article in press as: Majasan JO, et al., Two-phase flow
electrolysers: Electrochemical and optical characterisation, Internat
j.ijhydene.2018.07.003parameters such as water circulation, water flow rate, and
temperature on cell performance was also explored. The key
findings of this study can be summarized as follows:
1. The flow-field design affects two-phase flow behaviour and
hence, performance. The length of gas slugs and therefore
the flow regime of operation is influenced by the path
length of the flow-field channel.
2. The PFF yield better performance than the SSFF at high
current densities under identical operating conditions
which was attributed to the annular flow regime observed
in the SSFF design where the channel-spanning long gas
slugs formed hinders water access to the gas diffusion
layer and electrocatalyst surface.
3. Higher water flow rate delays bubbly-to-slug transition and
leads to the formation of smaller bubbles and shorter slugs.
4. The water flow rate effect on performance depends
strongly on the cell operating temperature.
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